ABSTRACT: Twenty-six crossbreed (Yorkshire × Landrace) sows bred to Duroc boars were used to determine fetal measurements and mineral compositions at various stages of gestation. Sows were fed a vitamin and mineral fortified 15% CP corn soybean meal gestation diet fed at 2.1 kg daily with dietary minerals meeting or in excess of NRC requirements. Sow and litter measurements were evaluated at 5 periods postcoitum (45, 62, 80, 100, 115 d). The experiment was conducted as a completely randomized design with 3 to 6 observations per mean. Uterine fluid and fetal tissue were collected upon slaughter from the sows during the first 4 measurement periods. The empty uterus and uterine fluid contents were weighed. Individual fetuses were weighed and their length measured. Neonatal pigs from 6 sows were killed by electric shock before colostrum consumption. The fetuses and neonates were subsequently frozen, ground, and analyzed for water, protein, ash, and fat. The mineral profile was determined for the entire litter by inductively coupled plasma analysis technology. The sow and litter was each considered the experimental unit for all measurements and mineral compositions with regression analysis determined from 45 to 115 d of gestation. Results demonstrated that fetal weight increased quadratically (P < 0.01) and uterine fluid increased quadratically (P < 0.01) from 45 to 62 d, but then declined to 100 d postcoitum. The water, protein, ash, and lipid content of the fetus increased quadratically (P < 0.01) from 45 to 115 d of development, with the greatest increase of each component occurring during the last 15 d of development. Each of the macro-and microminerals increased curvilinearly (P < 0.01) as fetal development progressed with approximately 50% of the total litter and fetal macro-and micromineral contents occurring during the last 15 d of gestation. These results indicate that there is a large increase in mineral contents of fetal pigs during late gestation and that there may be an increasing sow mineral requirement particularly with high-producing sows having larger litter sizes. Regression equations developed on an individual fetus basis for each macro-and micromineral from 45 d postcoitum to parturition could be used to model mineral accretions. 
INTRODUCTION
Replenishing sow body protein and lipid tissue reserves from previous reproductive demands has received considerable research effort over the past years, but mineral needs and their restoration of the adult female pig have received minimal attention. Mahan and Newton (1995) demonstrated that after 3 parities, reproducing sows had less body mineral contents than a comparably aged nongravid female group. The finding further demonstrated that sows with heavier litter weaning weights had greater body mineral losses than less producing sows. This indicates that the mineral needs for reproduction are greater as sow productivity increases and that the minerals provided from the diet of the sow were inadequate to meet high reproductive demands in gestation, lactation, or both. Upon severe depletion of body mineral reserves, the future reproductive performance and longevity of sows in the herd might be compromised.
As gestation progresses, total fetal mineral demand is considered to become increasingly greater, potentially causing the sow to mobilize body minerals, particularly if dietary minerals are inadequately provided. Other research has documented the growth and composition of pig fetuses (Ullrey et al., 1965; McPherson et al., 2004) , but the quantitative mineral profile of the developing litter has not been established. Although mineral composition and the developmental pattern of fetuses are largely under genetic control, there are several factors that determine the number of pigs carried to term, thus affecting sow mineral demands. High productivity indicates that the sow must provide a greater supply of minerals to meet these mineral requirements. This experiment was designed to determine the macro-and micromineral content of porcine litters at various stages of gestation and to calculate regression equations for determination of litter and fetal mineral contents during their growth from 45 d of gestation to birth.
MATERIALS AND METHODS
The experimental use of animals and procedures followed were approved by the College Animal Care Committee.
General
Crossbred (Yorkshire × Landrace) second parity sows were hand mated to Duroc boars on their first estrus postweaning. Bred sows were placed in individual stalls and fed once daily 2.1 kg of a 15% CP corn-soybean meal gestation diet formulated to 0.70% Lys (total), 0.90% Ca, and 0.70% P (total). The trace minerals Cu, Fe, Mn, Se, and Zn were added to the diets at 15, 140, 20, 0.30, and 120 mg/kg, respectively, and provided as inorganic salts. Other nutrients were provided that met or exceeded NRC (1998) nutrient requirements. The experiment was a completely randomized design with sows killed at 5 stages of gestation (i.e., 45, 62, 80, 100, 115 d postcoitum) . A total of 26 bred sows were allotted by BW at 30 d postcoitum to the 5 treatment groups allotting 5 animals per group, except for sows that farrowed which contained 6 sows. Only 3 sows selected for 80 d postcoitum were determined to be pregnant.
Upon reaching their designated slaughter date (±1 d), sows were weighed and taken to a local abattoir where they were stunned by electric shock and killed by exsanguination. After the sows were killed, the uterus of each sow was removed intact, the fluid content removed, weighed to the nearest 10 g, fetuses removed, and the empty uterus weighed. Fetal numbers were recorded with each fetus weighed to the nearest gram. Fetal length was measured from the tail head to the end of the snout with a tape measure. Fetuses from each litter were collectively inserted into a plastic bag, placed on ice, transported to the laboratory, and frozen (−4°C) until they were later processed. Neonatal pigs were removed from the sow before nursing, weighed, killed by electrocution to eliminate blood loss, with individual length measurements collected, whereupon they were frozen (−4°C) and stored until processed.
Analyses
Frozen litter tissue was ground 2 times through a Stimpson grinder (model 5412, Louisville, KY) initially through a 12-mm die and then through a 3-mm die, with the homogenous mixture subsampled, placed in Petri dishes, sealed with tape to prevent moisture loss, and placed in a freezer (−4°C) for later laboratory analysis. Upon removal from the freezer, the samples were freeze-dried for DM determination, finely ground, and analyzed for protein, ash, and ether extract by AOAC (2000) methods. Each sample was subsequently analyzed for 20 mineral elements using the inductively coupled plasma spectroscopic (model 137, Applied Research Laboratories, Valencia, CA) technology after wet ashing in nitric and perchloric acid using National Institute of Standards and Technology standards. Chloride was analyzed by a chloridometer (model 4-2008, Buchlert-Cotleve, Saddle Brook, NJ), as outlined by AOAC (2000) , and Se by the fluorometric method of AOAC (2000) using a UV detector (Turner Filter, Fluorometer, model 112, Unipath, Mountain View, CA). Mineral concentrations of fetal tissue were subsequently calculated to the original wet tissue weight using average fetal weights for each litter determined by dividing the total number of fetuses by the total weight for that litter.
Statistical Analysis
The data were analyzed as a completely randomized design (Steel and Torrie, 1980) using the MIXED procedure (SAS Inst. Inc., Cary, NC). Sows and litters were considered the experimental unit. A likelihood ratio test was used to test the homogeneity of residual variances across treatment times (Milliken and Johnson, 2002) and individual subclass residual variances fitted by residual maximum likelihood when warranted. Because of the unequal spacing of treatment times, orthogonal polynomial contrasts were generated using the IML procedure of SAS. The least squares means and their SED are reported in tabular form for each treatment. Treatment contrasts were evaluated by regression analyses while accounting for the heterogeneous variances across time with the order of the polynomial determined from the tests on the orthogonal polynomial contrasts. The resulting best-fitting equation is presented for each independent variable. Simple correlation of total mineral composition of the litter to litter size at each day of gestation was conducted.
RESULTS
The BW, uterine and fluid content weights of sows, and the weights and compositions of the litter and fetuses as well as fetal measurements from 45 to 115 d of gestation are presented in Table 1 . Sows that farrowed were not killed, and therefore their uterine weights and fluid contents were not collected, but neonatal pig weights and measurement data were determined immediately upon birth before colostrum consumption.
Empty uterine weight increased linearly (P < 0.01) from 45 to 100 d postcoitum. Uterine fluid content increased from 45 to 62 d postcoitum, but then declined to 100 d postcoitum, resulting in an overall quadratic (P < 0.01) response.
Both total litter and average fetal weights and measurements are presented to better reflect both situations. Litter data provide the total mineral content in this conceptus product. Although the individual fetuses are variable per litter, the data reported do not reflect their variation within litter. Litter weights, expressed on a wet basis, increased quartically (P < 0.04) from 45 to 115 d postcoitum, with the greatest increase occurring during the last 15 d of gestation. Although the number of fetuses did not differ between periods, their weights and lengths increased quadratically (P < 0.01) from 45 to 115 d. Both litter and average fetal weight measurements increased by more than 2-fold from 100 to 115 d of gestation. When litter and fetal weights were expressed on a fat-free dried basis, there was an increased mass (quartic; P < 0.02) for the litter and a cubic (P < 0.01) response for fetuses from 45 to 115 d of gestation.
Litter composition demonstrated that the percentage water declined quadratically (P < 0.01) from 45 to 115 d of gestation, with a greater decline occurring during the 80 to 115 d period (Table 1) . Percent fat and protein declined from 45 to 62 d postcoitum, but subsequently increased to 115 d of gestation resulting in an overall cubic (P < 0.02) response for fat and a quadratic (P < 0.01) response for protein. Percent ash increased linearly (P < 0.01) from 45 to 115 d of gestation.
When litter composition of the body was expressed on a quantitative basis, there was a quartic (P < 0.01) increase in water (P < 0.05), fat, (P < 0.02), protein (P < 0.01), and ash (P < 0.03) from 45 to 115 d of gestation. However, during the 100 to 115 d period, the amount of water increased by 2.1-fold, whereas protein, fat, and ash increased by approximately 2.5-fold. The same general trend also occurred for individual fetuses. The magnitude of increase for protein, fat, and ash was, however, somewhat less than for the total litter (Table  1) .
The macromineral elements expressed on a total quantitative basis for the litter and individual fetuses are presented in Tables 2 and 3 , respectively. Litter Ca and P increased (P < 0.01) cubically from 45 to 115 d of gestation (Table 3) , but there was an increasing difference in the Ca:P ratio between these macrominerals as gestation progressed. The ratio increased from 0.88 at 45 d to 1.71 at 115 d of gestation. Fetal Ca and P increased quadratically (P < 0.01) by more than 100% from 100 to 115 d of gestation (Table 4 ). The increasing Ca and P contents for fetuses shown in Figure 1 demonstrate the amount of these minerals in the fetus and their relative change during gestation.
Potassium increased (P < 0.01) in the litter from 45 to 80 d of gestation, but the increase was greater from 100 to 115 d. This undoubtedly reflects the amount of soma tissue being formed during the latter part of gestation. The K content increased in an overall cubic (P < 0.01) manner in the litter from 45 to 115 d of gestation and quadratic (P < 0.01) in fetuses ( Figure  2 ). Sodium increased quartically (P < 0.03) in the litter and in the fetuses (P < 0.01). The content of Na was greater at each measurement period compared with K. In contrast, the amount of Cl increased linearly (P < 0.01) in the litter, but quadratically (P < 0.01) in the fetus. In both cases, the total content of Na and Cl exceeded K until 115 d of gestation where fetal K content slightly exceeded the Cl content ( Figure 2 ).
The S content increased (P < 0.04) more than 2-fold in the litter (Table 3 ) and fetuses (P < 0.01) during the latter 15 d of gestation (Table 3 ). In addition, Mg content also increased in a quartic manner in the litter (P < 0.05) and fetuses (P < 0.01) during the 45 to 115 d period. The greatest increase of S and Mg occurred during the latter 15 d of gestation, with the former undoubtedly reflecting the increase in connective tissue being formed (Figure 3) .
The micromineral contents when presented as milligrams per kilogram (Table 2 ) resulted in more variable responses than the macrominerals, but their total quantity increased in the litter and fetus as gestation progressed (Tables 3 and 4 , respectively). The Al content increased linearly (P < 0.01) in both the litter and individual fetuses. Boron responded quadratically for the litter (P < 0.01) and individual fetuses (P < 0.03, Figure 4 ).
The micromineral Fe had a greater content in the litter and fetus than the other microminerals. Litter Fe increased more than 2-fold during the last 15 d of gestation, resulting in an overall quartic (P < 0.01) response from 45 to 115 d, whereas individual fetal Fe increased cubically (P < 0.01). Litter Zn content also doubled during the last 15 d of gestation, resulting in a cubic (P < 0.01) response for the litter from 45 to 115 d. The magnitude of increase of Fe and Zn demonstrates clearly that the quantity of Fe was increasing in the fetuses more than Zn ( Figure 5 ).
Litter Co (P < 0.01), Cr (P < 0.01), and Cu (P < 0.01) contents increased from 45 to 115 d of gestation. Although the quantities of Co and Cr increased more during the last 15 d of gestation, lesser quantities of both were retained compared with Cu ( Figure 6 ).
Manganese increased quadratically (P < 0.01) for the litter (Table 3) The following elements were not present at the minimum assay standard used: Cd, As, Pb, Si.
4
Trace amounts of Ni and Mo were found in some fetuses at 100 and 115 d of gestation.
Mineral composition of fetal pigs The following elements were not present at the minimum assay standard used: Cd, As, Pb, Si.
Because larger litter sizes might retain more total minerals as litter size increases, which might affect their relative concentration with the fetuses, the correlations of macro-and micromineral contents by day of gestation to litter size were analyzed. The results in Table 4 indicated that as litter size increased, there were lesser quantities of Ca, P, K, Fe, Se, and Zn retained by individual pigs within litter at birth. However, the magnitude of difference for the litter sizes of this experiment was not great. Correlations progressed in a negative manner from 45 to 115 d of gestation with increasing fetal number as stage of fetal growth advanced for all minerals, but the correlation was significant only for Fe (P < 0.05) and tended to be greater for Zn (P < 0.10) during late gestation.
The best-fitting regression equations from 45 to 115 d of gestation for each mineral, expressed on a total litter and individual fetal basis, are presented in Tables  2 and 3 , respectively. Assuming that litter size or sow dietary mineral supply does not greatly affect the mineral composition of individual fetuses for differing litter sizes, the mineral contents can be calculated by multiplying individual pig mineral contents by the number of fetuses. Daily accretions can be calculated within time periods.
DISCUSSION
The body compositions and tissue development of fetal pigs have been previously presented (Ullrey et al., 1965; Pond and Houpt, 1978; Dourmad et al., 1999) , but in much of the earlier literature, neonatal pig weights were below those of modern swine. A recent report by Wu et al. (1999) also demonstrated greater neonatal pig birth weights, but they concluded that mineral accretion was relatively constant when expressed per 100 g of wet tissue from 90 to 110 d of gestation. Calculation of their data on a quantitative basis, however, demonstrated that the absolute amount of minerals increased greatly from 90 to 110 d of gestation, responses similar to the data of our experiment. Our data also documented the accretion of protein, ash, and fat occurred in the growing fetus during gestation with the greatest increase in each component during the last 15 d. The amount of each mineral increased substantially particularly during late pregnancy, and in many cases the increase was >2-fold. This indicates that not only was there a great nutritional demand for minerals during the late period of gestation, but all major nutrients were greater. High-producing maternal sow lines produce larger litters as well as producing more milk during the subsequent lactation. Thus, the greater nutritional demand during late gestation indicates that the effects during late gestation may also affect subsequent needs during lactation.
In each case, the increase of all macro-and microminerals in the litter and developing fetus indicates an increasing demand for minerals from the tissue of the dam or her diet in late gestation. These data demonstrate that approximately 50% of the total requirement of the fetus for minerals occurs during the last 15 d of gestation.
The total amount of all minerals transferred by the sow reflects the number of fetuses, but its effect on individual fetuses is considered minimal. We did not evaluate individual fetus compositions within litter; however, Mahan and Peters (2004) reported that the sow was relatively resilient to dietary Se differences in full-term pigs at birth when the pigs had similar BW. Consequently, the simple correlation mineral concentration by litter size and day of gestation were generally negative and not significant. However, the data indicated that as mineral retention in the developing fetuses increased during late gestation, the amount retained was affected by litter size. The increasing negative correlation as litter size increased implies that the sow may not be able to transfer minerals as needed to the fetus during the latter part of gestation, particularly when litters are greater in number. In turn, the sow needs to mobilize bone and other tissue reserves to meet these needs (Mahan and Fetter, 1982; Maxson and Mahan, 1986) . This could ultimately affect the mineral status of the sow and possibly her potential longevity in the herd. Our data indicate that this transfer of minerals when sows are developing large litters places greater nutritional burden on her as productivity increases. Mahan and Fetter (1982) previously demonstrated that neonatal pig Ca and P content did not differ when sows were fed various levels of Ca and P, indicating genetic control at the fetal level in their deposition of minerals.
In evaluating individual fetal macrominerals, both Ca and P increased by approximately 1.8-fold between 100 and 115 d of gestation and Ca appeared to increase at a somewhat faster rate than P. From 100 to 115 d the large increase in fetal Ca and P content is attributed to the hypertrophic increase in bone and muscle tissue mass. The greater need for Ca by the sow during late gestation may explain the decreased Ca concentration in sow colostrum and the greater occurrence of posterior paralysis in high-producing sows.
Although the quantity of K, Na, S, and Cl increased during the 45 to 115 d period, their greatest increase in the litter and fetuses was during late gestation. The magnitude of change in K and Na was generally similar during each measurement period. In the grower pig the amount of K greatly exceeds that of Na with K increasing within the muscle mass (Mahan and Shields, 1998) . Our data show that in the fetus and neonate, Na was greater than K content, and that both K and Na contents were essentially parallel from 45 to 115 d of development [responses generally consistent with the neonatal pig data of Mahan and Shields (1998)] .
Similar increases in the transfer of microminerals also occurred during late gestation, particularly Fe, Cr, and Zn. Iron was the micromineral with the greatest total content in the fetal pig, whereas Zn was the mineral with the second largest content. As fetal development advanced, the relative amount of Fe increased quadratically, whereas Zn, Cr, Mn, and Co increased at a lesser magnitude. Manganese is known to be involved in several enzyme systems of the body, but the amount needed for the fetus is low.
The amounts of Zn, Cu, and Se increased as gestation progressed. Each of these minerals is incorporated into various enzymes and antioxidant enzyme systems of the body; thus, their greater concentration in the younger fetuses may reflect their greater potential antioxidant activity during early pregnancy. Our results indicate that high-producing sow lines may have greater needs of these as well as the other microminerals.
Using the equations presented in Table 3 , the calculations demonstrate that each fetus retained approximately 3.5 g of Ca and 2.0 g of P during the last 15 d of gestation (0.25 g of Ca and 0.14 g of P/d). Sows developing larger litter sizes would be expected to have greater nutritional requirements and may thus need additional mineral supplementation during this phase of their pregnancy than sows of less productivity. This supports the results of Mahan and Newton (1995) who demonstrated that Ca and P body contents of sows after 3 parities were less than a nongravid group and that sows of greater productivities had less body contents of the macro-and microminerals than sows of less productivity. Our data indicate that at least a larger portion of the mineral losses in high-producing sows may have been used for fetal development during the latter part of gestation.
In conclusion, the major body nutrient supplies in the developing fetus are transferred in large amounts during gestation, but the greatest increase of protein, fat, and ash occurred during the last 15 d of pregnancy. With the exception of Cl, approximately 50% of the macro-and microminerals are also transferred within the last 15 d of gestation. This large retention in the developing fetuses requires an increasing transfer of each mineral to the fetus from the diet of the sow or from maternal tissue storage. As litter size increases, larger quantities would be expected to be transferred to the developing fetuses, but differences in mineral composition of individual fetuses may vary by neonatal BW. If the diet of the sow does not contain adequate dietary levels of minerals to meet reproductive needs, the sow will undoubtedly mobilize body reserves before the onset of lactation. Declining mineral reserves at the onset of lactation may compromise the subsequent reproductive and lactation performance of the sow.
LITERATURE CITED
AOAC. 2000. Official Methods of Analysis. 17th ed. Assoc. Off.
Anal. Chem., Gaithersburg, MD. 
